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Research Results  (Including Purpose, Results, Figures, etc.) 

1. Introduction 

During the last years, we have succeeded in elaboration of CdTe-based high energy radiation detectors. 

Owing to support of the Cooperative Research at Research Center of Biomedical Engineering (Research 

Projects: H27-46, 2055, 2015 & 2035), over 30 articles and 50 abstracts have been published/prepared in 

2015-2019. Almost half of the articles have been made during the implementation of the present Collaboration 

Research Project No 2035 (in this 30th fiscal year) [1-15] (“List of Publications” below). 

The present project (No 2035) has allowed us to continue the research on development of CdTe Schottky 

diodes [1, 3, 6-9, 11-14] as well as CdTe-based barrier structures with a p-n junction formed by laser-induced 

doping [2, 4, 10, 15]. Both kinds of diodes have shown promise as X/γ-ray detectors for security and diagnostics 

instruments. In the present report, we concentrate on the research devoted to formation of the second type 

diodes, i.e. study of laser processing of high-resistivity Cd(Zn)Te and semiconductor-metal interfaces to develop 

the techniques of laser doping and metallization of the surface of CdTe crystals [2, 4, 10, 15]. 

2. Research objectives 

The purpose of the collaborative research project has been development of the techniques of formation of 

CdTe-based barrier structures for efficient room temperature X/γ-ray detectors with sufficient high resolution 

and application of them in security and diagnostic instruments [1-15]. In particular, nanosecond laser processing 

of CdTe crystals and CdTe-metal interface was employed for doping of a thin semiconductor layer with In and 

metallization of the crystal surface to create M-p-n structured diodes sensitive to high energy radiation [2, 4, 10, 

15]. The research was carried out according to the plan presented in the previous project (No 2015) report. 

Several approaches of laser doping of high resistivity p-CdTe semiconductor and metallization of the CdTe 

crystal surface were studied employing nanosecond pulses of YAG:Nd or KrF excimer lasers. To obtain the 

evidences of laser deposition of the contact metal onto the CdTe surface and formation of a thin In-doped CdTe 

layer, study the mechanisms of laser actions and estimate the optimal regimes of laser irradiation, CdTe-based 

structures were studied by scanning electron microscopy (SEM), synchrotron X-ray photoelectron spectroscopy 

(XPS), photoconductivity (PC), measurements of I-V characteristics and spectra of radioisotopes [2, 4, 10, 15]. 

3. CdTe semiconductor samples for investigation 

We used detector-grade Cl-compensated (111) oriented p-like CdTe semiconductor produced by Acrorad 

Co., Ltd. The single-crystal CdTe ingot grown by the Traveling Heater Method was sliced into wafers which 

were preliminary polished by the manufacturer. Parallelepiped-like CdTe(111) samples with the square of 5 × 5 

mm
2
 and thickness of 0.5 mm or 0.75 mm were employed. (Fig. 1). 

 

The electronic parameters of CdTe crystals: 

ρ ~ (4-6)×10
9
 Ω·cm; μn = 1100 cm

2
/V·s, 

μp = 100 cm
2/

V·s, τn = 3 μs, τp = 2 μs. 

Fig. 1. Schematic illustration of the CdTe(111) 

single crystal wafer and its crystalline structure. 

4. Techniques of laser doping and metallization of CdTe crystals 

Metallization of the surface or doping of a thin region of CdTe crystals were made with the laser-assisted 

techniques shown in Fig. 2: 

1. Laser irradiation of an In target: laser transfer of a thin In film, pre-deposited on the glass substrate by laser 

ablation of an In target irradiated through the glass, on the CdTe surface (a); laser deposition of In on the CdTe 

surface by irradiation of an In target through the CdTe crystal (b); 

2. Activation of the In/CdTe interface by irradiation of CdTe crystals, pre-coated with an In dopant (electrode) 

film: from the metal side with a YAG:Nd (λ = 1064 nm) (c) or KrF (λ = 248 nm) (d) laser through the 

semiconductor (e). 

In case of the technique 1 (Fig. 2(a, b)), pulsed laser deposition of In on the CdTe crystal surface for doping 

and contact formation was studied. A pulsed YAG:Nd laser (λ = 1064 nm, t = 8 ns) was employed for ablation of 

In, doping and metallization of the CdTe surface. The whole area the crystal or CdTe-In interface was entirely 

irradiated from the glass substrate side (Fig. 2(a)) or CdTe side (Fig. 2(b)) at room temperature. 



  

Fig. 2. Schematic illust- 

ration of the procedures 

of laser metallization 

and doping of CdTe 

crystals. 

The glass and CdTe were transparent for λ = 1064 nm therefore, it was possible to irradiate the In target (Fig. 

2(a)) or CdTe-In interface (Fig. 2(b)) through the glass substrate or CdTe crystal, respectively and thus, to 

directly heat, melt, evaporate and ablate a very thin In layer, and affect the CdTe surface adjoining to the metal. 

The doping processes of the thin CdTe region with In atoms, deposition of In islands or film, or even 

metallization of the crystal surface could occur depending on laser power density and number of laser shots. 

In the case of the technique 2 (Fig. 2(c-e)), CdTe(111)B crystal surface was preliminary coated with an In 

film (100-400 nm) by thermal vacuum evaporation. Irradiation of the In/CdTe structures was carried out in two 

ways: (i) from the In-coated side, using pulses of YAG:Nd (λ = 1064 nm, t = 8) or KrF excimer laser (λ = 248 

nm; t = 20 ns) (Fig. 2(c, d)); (ii) through the semiconductor, using YAG:Nd laser pulses (Fig. 2(e)). In the lase 

case, it was possible directly affect the In/CdTe interface because, laser pulses (λ = 1064 nm) were absorbed 

only by a thin In layer adjoining to the CdTe inside the sample (Fig. 2(e)). 

5. Results of laser deposition of In on the CdTe crystals 

 

Indium islands, deposited by laser 

ablation, were revealed on the CdTe surface 

by SEM images (Fig. 3a, b), which were 

obtained from the samples prepared by the 

laser-based techniques shown in Figs. 2(a) 

and 2(b) respectively. A high contrast is 

clearly seen between conductive In islands 

(light areas) and semi-insulating CdTe 

semiconductor (dark areas) [4]. 

Fig. 3. SEM micrographs (magnification is 

×800 and×3000 at upper and lower row, 

respectively) of the In-metallized (In-doped) 

CdTe crystal surfaces (a) and (b) obtained with 

the laser processing technique shown in Figs. 

2(a) & (b), respectively. 

The PC spectrum of the CdTe crystals before laser processing had a typical Δ-shape, indicating enhanced 

surface recombination in the strong absorption region (Fig. 4, curve 1). Laser treatment (Fig. 2(a)) resulted in 

increasing the PC signal and raising the short-wavelength wing of the spectrum (Fig. 4, curve 2). These changes 

were evidence of a decrease in the surface recombination velocity in the doped or/and metallized CdTe region 

that was attributed to creation of a built-in electric field due to the formation surface barrier structure [4]. 

The obtained structure demonstrated the rectifying I-V characteristics measured in the dark at room 

temperature (20°C) and slightly heated (50°C) (Fig. 5, curves 1 and 5) at applying bias up to V = 20 V. When 

the sample was illuminated with an incandescent lamp, the energy of charge carriers exceeded the electrical 

barrier height and more symmetric I-V characteristics were observed (Fig. 5, curves 3 and 4). A significant 

increase in forward and reverse currents was due to a decrease in resistivity of the bulk the In/CdTe structure. 

The I-V characteristic of the CdTe sample after laser-induced deposition of In, measured at higher 

temperature (T = 50 ºC) also showed rectification properties with a little higher currents according to a typical 

temperature dependence of the semiconductor resistivity (Fig. 5, curve 5). 
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Fig. 4. PС spectra of the CdTe crystals before (1) and 

after (2) laser deposition of In by the technique Fig. 2(a). 

 
Fig. 5. I-V characteristics of the In/CdTe structures 

created by the technique Fig. 2(a) (Ag-paste contacts). 

The resistance of the metallized CdTe surface region exceeded that of the initial crystals in a few times that 

was attributed to formation of micro-diodes, formed by laser-induced creation of n-type micro-regions in the 

surface layer of p-CdTe crystals, connected to each other in the opposite direction. This is supported by the 

SEM images (Fig. 3(a)) of the CdTe surface after laser processing Fig. 2(a). Separate metalized islands (light 

areas) can be considered as local n-type micro-regions at the surface of the semi-insulating p-CdTe crystal [4]. 

6. Results of XPS study of CdTe crystals after laser-induced doping 

The CdTe(111) crystals with a pre-deposited In dopant film (~400 nm), subjected to irradiation with KrF 

excimer laser pulses (Fig. 2(d)), were studied by XPS [10]. The XPS spectra of In/CdTe structures were 

obtained under irradiation from the In-coated side with a high-spatial resolution X-ray beam of 650 eV using a 

synchrotron excitation source [2, 10]. The In film was repeatedly etched 12 times with Ar plasma. Fig. 6 shows 

the XPS wide scan spectra of the In/CdTe diode surface before (curve 1) and after Ar-ion etching with different 

time (curves 2 and 3), demonstrating the In, Cd and Te features as result of measurement of electron binding 

energies. The core level, Auger and valence electron peaks of In, Cd, Te, O and C were used for the detailed 

analysis of the component composition of the area adjacent to the In/CdTe interface. As seen, the Te 3d peaks 

are absent in the initial In/CdTe structure before etching (Fig. 6, curve 1). They appear after 1 hour etching and 

increase with next 1 hour etchings, totally 12 hours of etching (curves 2 and 3). In the behavior of the In 3d and 

Cd 3d peaks with a spin orbital splitting, a decrease of the In 3d and increase in the Cd 3d peak intensities after 

each 1 hour Ar-ion etching are observed (Fig. 6, curves 2 and 3). The peaks related to contaminations such as 

oxygen (O 1s peak) and carbon (C 1s peak) are manifested in the XPS spectrum of the initial In/CdTe structure 

(Fig. 6, curves 2 and 1). These features tend to disappear after etching and not observed after multiple etching 

(Fig. 6, curve 3). This evidenced that contaminations were only on the surface and removed after ion etchings. 

 

Fig. 6. XPS wide scan spectra of the In/CdTe structure, 

obtained with the technique Fig. 2(d) after storage (1), and 

after etching with Ar ions during 1 hour (2) & 12 hours (3). 

 

Fig. 7. Dependences of the peak areas in the high 

resolution Cd 3d (1) and In 3d (2) XPS spectra of the 

In/CdTe structure, obtained with the laser processing 

technique Fig. 2(d), and subjected to multiple Ar-ion 

etching (during 1 hour each), on the number of etching. 
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Fig. 8. Peak areas from the 

XPS spectra of the In 3d5/2 

(a) and Cd 3d5/2 (b) levels in 

the vicinity of the In-CdTe 

interface for unirradiated 

sample (1), irradiated from 

the In film side (2) 

(technique Fig. 2(c)) and 

through the CdTe (3) 

(technique Fig. 2(e)). 

Fig. 7 (curves 1 and 2) demonstrates the peak areas calculated from the high resolution XPS spectra for the 

Cd 3d and In 3d, respectively in dependence of the number of etching. The minimum value of the In 3d peak 

before etching can be attributed to presence of accidental impurities on the surface. Based on the obtained XPS 

data, the distribution of In and Cd atoms with the depth of the In/CdTe structure was estimated. Cd atoms were 

revealed in the In film superficial layer which was non-contiguous to the CdTe surface. 

Fig. 8 shows analysis of the XPS of the M-p-n structured diodes obtained by the technique Fig. 2(c, e) when 

irradiation of the In/CdTe structures, using nanosecond pulses of an infrared (YAG:Nd, λ = 1064 nm) laser, was 

carried out in two ways: from the In-coated side (c); through the semiconductor (e). The areas of photoelectron 

peaks of the In 3d5/2 and Cd 3d5/2 levels for non-irradiated sample (curves 1), irradiated from the In film side 

(curve 2) and through the CdTe (curve 3) by 10 infrared laser pulses with power density of 2.5 MW/cm
2
 after 10 

hour Ar sputtering of the In film are shown in Fig. 8 (a, b), respectively. 

The In 3d5/2 and Cd 3d5/2 peak areas decreased and increased, respectively, with depth after each Ar ion 

sputtering procedure which removed a thin layer of the In film (Fig. 8, (a, b,) curves 1)). The observed distribution 

can be explained by the steady state diffusion of Cd and In atoms. The In 3d5/2 peak area kept approximately the 

same value with the depth (Fig. 8(a), curve 3)). A small amount of Cd atoms distributed in the In film as seen from 

an increase in the Cd 3d5/2 peak area after ion sputtering of the In film (Fig. 8(b), curve 3). It can be supposed that 

laser-induced melting of In film in the vicinity of the In/CdTe interface and dissolution of CdTe in In occurred. 

The Cd 3d5/2 peak area for the sample Fig. 2(c) almost did not change with the depth (Fig. 8(b), curve 2) and 

can be explained by propagation of Cd atoms into the In film and homogeneous distribution in a thin layer of the 

In film adjoining to the CdTe surface under action of laser-induced stress and shock waves, and laser-stimulated 

diffusion. Formation of a large amount of VCd in the CdTe layer adjoining to the In film were considered. The In 

3d5/2 peak area for the same sample (Fig. 8(a), curve 2) decreased with depth after each Ar sputtering less than in 

the case of the unirradiated sample (Fig. 8(a), curve 1). It can be assumed that some amount of In atoms penetrated 

into a CdTe surface layer and solid-phase laser-induced doping occurred. 

7. Characteristics of M-p-n structured In/CdTe/Au diode detectors 

I-V characteristics and 
137

Cs spectra of the In/CdTe/Au diodes Fig. 2(c, e) are shown in Figs. 9 and 10, 

respectively. The samples demonstrated low dark reverse currents: 44 nA for the unirradiated sample (curve 1); 

3.7 nA for the diode after laser irradiation of the In film (curve 2); 9 nA for the diode after irradiation of the 

In/CdTe interface through the CdTe (curve 3) with 10 infrared laser pulses with power density of 2.5 MW/cm
2
. 

 

Fig. 9. I-V characteristics of the In/CdTe structures before 

(1) and after laser irradiation of the In film (2) (technique 

Fig. 2(c)) and CdTe-In interface (3) (technique Fig. 2(e)). 

 

Fig. 10. Spectra of a 
137

Cs radioisotope taken with 

detectors formed by the technique Fig. 2(c) (2) and 

Fig. 2(e) (3), respectively, at applied bias of 200 V. 
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The spectra of a 
137

Cs radioisotope were taken at room temperature by the In/CdTe/Au diode detectors 

obtained by the techniques Fig. 2(c, e) and demonstrated energy resolution (FWHM) of 4.8 % (curve 2) and 6.8 % 

(curve 3), respectively (Fig. 10). The obtained spectroscopic results have evidenced the promise of the employed 

laser assisted techniques for fabrication for X/γ-ray detectors [2]. 

8. Summary 

The attractive approaches to develop laser-assisted techniques of doping of p-CdTe semiconductor and 

metallization of the CdTe crystal surface have been proposed employing pulses of YAG:Nd (λ = 1064 nm t = 8 

ns) or KrF excimer (λ = 248 nm, t = 20 ns) lasers [1, 3, 7, 10]: (i) activation of the CdTe-In interface by 

irradiation of crystals, pre-coated with an In film: (a) from the metal side or (b) through CdTe; (ii) transfer of a 

thin In film, pre-deposited on the glass substrate by laser ablation of an In target irradiated through the glass, on 

the CdTe surface; (iii) deposition of In on the CdTe by irradiation of an In target through the CdTe. 

Depending on laser photon energy and irradiation technique, different doping mechanisms were realized: (i, 

a) solid-phase doping of a CdTe nanolayer by a laser-induced shock wave; (i, b) liquid-phase doping of a thin 

layer near the CdTe-metal interface, (ii) and (iii) metallization of the CdTe surface and formation of the impurity 

enriched region in CdTe crystals by laser deposition of In. 

The evidences of the following effects have been obtained and discussed: (a) laser-induced evaporation of In 

film; (b) stress-wave-induced mass transfer; (c) laser-stimulated diffusion; (d) freezing of non-equilibrium 

defects; (e) subsequent dissolution of CdTe in the laser-molten thin layer of In film. 

The phenomena of abnormally fast laser-stimulated mass transfer and barodiffusion under stress and shock 

waves action have been considered as the possible mechanisms of laser-induced doping and migration of In and 

Cd atoms in the In/CdTe structure. The experimental direct evidence of incorporation of In dopant atoms into 

the surface region of the CdTe crystal and formation of the impurity enriched surface region have been obtained 

by the synchrotron XPS spectra measurement [2, 10, 15]. 

9. Conclusion 

The developed techniques of laser-induced doping and metallization of CdTe crystals and formation of 

In/CdTe diode structures are promising for fabrication of X/γ-ray detectors. The project research results have 

been presented as 14 reports at the 6 International scientific meetings, published (submitted to publication) in 15 

articles including 10 articles with acknowledgment to the project. This collaborative research work has been 

performed during the project period (May 2018 – March 2019). 
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 2 grants of visiting professors: Owing to the obtained results in the frame of the project, two participants 

(team leader Dr. Volodymyr Gnatyuk and team member Dr. Kateryna Zelenska were awarded by invited 
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Registration of research-theme continuation for next year 

Prior consent from the collaboration partner in the Research Center is necessary. 
Yes        No 

Research plan for the next year (from April 1, 2019 to March 31, 2020), if the collaboration research is continued. 

Based on to a huge number of scientific publications (15 articles and 14 abstracts/reports) prepared under the 

implementation of the current project (No 2035), i.e. during one year, we can conclude that the field and topic of 

the research are very interesting and promising, the achieved results are scientifically and practically significant 

and collaborative research work should be continued. 

We plan to develop and optimize the techniques of formation of electrical contacts (both Ohmic and Schottky 

types) and deposition of electrodes onto CdTe-based semiconductors and other materials (including single crystal 

perovskites) which are promising for X/γ-ray detectors. 

The advanced techniques based on nanosecond laser irradiation and ion-plasma processing, which have been 

partly studied in the current project, will be employed in fabrication of Cd(Zn)Te-based X/γ-ray detectors. Three 

techniques of laser-induced doping of the CdTe surface region and creation of In(Al)/CdTe/Au diodes with a p-n 

junction have been studied and will be used in the next collaborative research project: (i) liquid-phase doping; (ii) 

solid-phase doping and (iii) space-confined doping. Schottky diodes will be created by deposition of Ni or Cr 

(rectifying contact) and Au (Ohmic contact) electrodes on the opposite faces of Cd(Zn)Te crystals preliminary 

subjected to chemical treatments and/or ion-bombardment. The following research activities are scheduled: 

 to study electrical and photoelectric properties of CdTe-based solid solutions subjected to laser pulse action; 

 to elaborate the techniques of deposition (including laser deposition) of metals and carbon-based compounds 

on the materials used for X/γ-ray detection in order to form efficient electrical contacts and electrodes; 

 to investigate the effect of the thickness of CdTe crystals on detection properties of Schottky diode detectors; 

 to study the electronic transport mechanisms in CdTe-based diodes elaborated for X/γ-ray detectors and 

develop the charge transport models for CdTe barrier structures with different electrical contacts; 

 to study electrical characteristics of diode detector structures in the wide range of applied bias voltages; 

 to test the fabricated detectors by spectroscopic measurements using various radioisotopes emitting radiation 

from low to high energies of X/γ-ray range. 

 


